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1 Mammalian platelets vary widely in their responses to catecholamines in part because these
agonists can act via excitatory a- and inhibitory P-adrenoceptors. In the absence of antagonists,
adrenaline enhances the response of rabbit platelets to an excitatory agonist, e.g. adenosine-5'-O-
(1-thiodiphosphate) (ADP-a-s) acting at another receptor, but has no effect on the response of rat or
guinea pig platelets to such an agonist. In the presence of a P-adrenoceptor antagonist, adrenaline
enhances the response of rat, but not guinea-pig platelets to ADP-a-S and the extent of the enhanced
effect on rabbit platelets is increased. In the presence of an a-adrenoceptor antagonist, adrenaline
inhibits the response of rabbit and rat platelets to ADP-a-S but has no such effect on the response of
guinea-pig platelets.
2 Studies using selective agonists and antagonists demonstrate that the excitatory response of rat
platelets to adrenaline is mediated by an x2-adrenoceptor, and the inhibitory response of rabbit
platelets to adrenaline by a P2-adrenoceptor as is the case in other species which have been
examined.
3 The mean aC2-adrenoceptor density on human, rabbit, rat and guinea-pig platelets as assessed
using [3H]-yohimbine as radioligand is obtained as 258, 270, 42 and < 10 receptors per platelet.
4 The mean P2-adrenoceptor density on human, rabbit, rat and guinea-pig platelets as assessed
using (-)-[1251]-iodocyanopindolol is obtained as 66, 14, 41 and < 5 receptors per platelet.
5 The nature of the effect of adrenaline on the response of mammalian platelets to other excitatory
agonists, e.g. ADP-a.-S, appears therefore to be largely determined by the absolute number of
M2-adrenoceptors and by the relative content of M2- and P2-adrenoceptors on these cells for the
species which have been examined in this analysis.

Introduction

With the exception of those obtained from man and
some other primates (O'Brien, 1963; Loeb & Mack-
ey, 1973), platelets from mammalian species do not
aggregate on exposure to adrenaline in the absence of
another excitatory agonist (Drummond, 1976;
Dodds, 1978). Typically such platelets either fail to
show such an aggregatory response to adrenaline
even in the presence of a second excitatory agonist,
e.g. rat platelets (Yu & Latour, 1977), or exhibit a
proaggregatory response in which addition of ad-
renaline enhances the aggregatory response to a sub-
optimal concentration of another excitatory agonist
such as ADP, e.g. rabbit or cat platelets (Drummond,
1976; Yu & Latour, 1977).
Both radioligand binding and/or physiological re-

sponse studies suggest that the aggregatory response
of human platelets, and the pro-aggregatory re-
sponse of rabbit platelets, induced by adrenaline is

mediated by an x2-adrenoceptor (Hsu, Knapp &
Hulushra, 1979; Hoffman, Delean, Wood, Schocken
& Lefkowitz, 1979; Grant & Scrutton, 1979; 1980).
Evidence has also been presented for the presence of
a-adrenoceptors on rat platelets (Yu & Latour,
1977) although this observation has not been con-
firmed by others (Motulsky & Insel, 1982).
The presence of 0-adrenoceptors which mediate

inhibition of platelet function by adrenaline has been
shown for human, rabbit and rat platelets (Mills &
Smith, 1971; Yu & Latour, 1977). More recently,
this receptor has been identified as a P2-adrenoceptor
for human and rat platelets by an analysis of the
inhibitory response using selective P-adrenoceptor
agonists and antagonists (Kerry & Scrutton, 1983a).
The studies of Yu & Latour (1977) suggested that

the difference in the nature of the response of rabbit
and rat platelets to adrenaline resulted from a differ-
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ence in the efficacy of this agonist at the a- and
,B-adrenoceptors. We have now confirmed and ex-
tended these observations and in addition have pro-
vided insight into the molecular basis for the different
modes of response to adrenaline observed for rabbit,
rat and guinea-pig platelets. A preliminary report of
some of these findings has been presented (Kerry &
Scrutton, 1983b).

Methods

Preparation ofplatelets

Platelet-rich plasma was prepared from rabbits, rats
and guinea-pigs as described previously (Hallam,
Scrutton & Wallis, 1981; Kerry & Scrutton, 1983a).
For studies of the aggregatory response, blood was
taken into 0.1 volume 3.8% (w/v) trisodium citrate as
anticoagulant and these aggregation studies were
performed on platelet-rich plasma at 37°C using a
Payton Instruments dual channel aggregation mod-
ule as described by Kerry & Scrutton (1983a). In
these studies the a- or P-adrenoceptor antagonist was
added 15 s before the a- or P-adrenoceptor agonist
(or to adrenaline), followed 15 s later by adenosine -
5' - 0 - (1 - thiodiphosphate) (ADP-a-S) to induce
the aggregatory response. Specific details are given in
the figure legends. Quantitation was based on meas-
urement of the extent of the aggregatory response.
No difference was observed in the extent of the effect
of the antagonists if the time interval before addition
of the adrenoceptor agonist was varied in the range
15 -120 s.
For radioligand binding studies, platelet-rich plas-

ma from the species as above, and from human
volunteers, was prepared using 0.17 volume acid
citrate dextrose (Aster & Jandl, 1964) as anticoagul-
ant. The platelet-rich plasma was prepared by cen-
trifugation at 200 g and 20°C for 20 min, and was
then centrifuged for a further 5 min at 200 g (20°C) to
reduce contamination by erythrocytes and white cells
and the platelets then collected by centrifugation for
15 min at 380 g (4°C). The supernatant fraction was
discarded and the platelets were washed by suspen-
sion in an equal volume of 0.05 M Tris-Cl pH 7.5
containing 0.1 M NaCl and 0.005 M disodium edetate
(EDTA) (the Tris-Cl buffer) followed by centrifuga-
tion for 15 min at 380 g. The platelet pellet was
resuspended in the Tris-Cl buffer to give cell con-
centrations in the range 2-9 x 108 platelets ml-'.
Platelet counts were estimated using a Model D
Coulter Counter equipped with a 70 gm window.
The extent of contamination by erythrocytes and

white cells in the final platelet suspension did not
exceed 0.02% as assessed by light microscopic
analysis.

Radioligand binding studies

Except where otherwise indicated, aliquots (0.1 ml)
of this washed platelet preparation were incubated
with [3H]-yohimbine for 30 min at 25°C, or with
(-)-[1251]-iodocyanopindolol for 60 min at 37°C.
The final volume including agonists or antagonists as
indicated was 0.2 ml. Incubations were terminated by
rapid filtration on Whatman GF/C glass fibre filter
discs using a Millipore filtration manifold, followed
by immediate washing with 3 x 5 ml of the Tris-Cl
buffer at 4°C. When [3H]-yohimbine was used as
radioligand the filters were dried at 50°C and re-
tained radioactivity estimated using an LKB-Wallac
Model 1216 Rackbeta liquid scintillation counter
with Lumagel (LKB-Wallac) as scintillation fluid.
When (-)-[1251]-iodocyanopindolol was used as

radioligand, the 125I retained on the filters was esti-
mated directly using a Packard Instruments Au-
togamma 500C gamma counter.

Binding of [3H]-yohimbine which was related to
occupation of a-adrenoceptors was defined as the
difference between the extent of 3H retained on the
filters after incubation in the absence and presence of
10 AM phentolamine. At saturating concentrations of
[3H]-yohimbine the contribution of a-adrenoceptor-
specific binding expressed as a per cent of total
binding was 44±10%, 54±8% and 25±4% for
human, rabbit and rat platelets respectively. Binding
of (-)-[1251]-iodocyanopindolol which was related to
occupation of P-adrenoceptors was defined as the
difference between the extent of 1251 retained on the
filters after incubation in the absence and in the
presence of 1 tIM (-)-propranolol. At saturating con-
centrations of (-)-[1251]-iodocyanopindolol the con-
tribution of P-adrenoceptor-specific binding expres-
sed as a per cent of total binding was 80±7%,
40±8% and 85±5% for human, rabbit and rat
platelets respectively.

All data are expressed as means ± s.e.mean and
represent duplicate or triplicate determinations from
two or three experiments. Where appropriate the
data were subjected to linear regression analysis and
95% confidence limits were calculated as described
by Tallarida & Jacobs (1979).
For both radioligands a linear relationship was

observed between the extent of binding and platelet
number over the range used in these studies.

Materials

Hybrid rabbits (3/4 New Zealand white: 1/4 lop,
2-3 kg) were bred at Ciba-Geigy Pharmaceuticals
Division; COB-Wistar (300-500g) rats were ob-
tained from Charles River (UK) Ltd. and Dunkin-
Hartley guinea-pigs from Porcellus Ltd. 9-[3H]-
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yohimbine (75 Ci mmoli-) and 3-(-)_[1251]_
iodocyanopindolol (2257 Ci mmol- l) were obtained
from Amersham International p.l.c. ADP-a-S
(adenosine-5 '-O-(1-thiodiphosphate) was a kind gift
from Dr N.J. Cusack. Atenolol, (-)- and (+)-
propranolol, practolol and ICI-1 18,551 (erythro-DL-
1(7-methylindan-4-yloxy)-3-isopropylaminobutan-
2-ol) were obtained from Imperial Chemical In-
dustries; UK-14304 (5-bromo-6-[2-imidazolin-2-

a
18- * .-

S
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ylamino]-quinoxaline) and prazosin from Pfizer Inc.;
methoxamine and butoxamine from Wellcome Re-
search Laboratories; indoramin from Wyeth
Laboratories; phentolamine mesylate from Ciba-
Geigy Pharmaceuticals; RX 781094 (2-(2(1,4-
benzodioxanyl))-2-imidazoline hydrochloride) from
Reckitt and Colman Ltd; and (-)-adrenaline and
(-)- and (+)-isoprenaline from Sigma Chemical Co.

Results

The effect ofadrenoceptor antagonists on the aggregat-
ory responses of rabbit, rat and guinea-pig platelets
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The results of such studies are shown in Figure 1. In
/rabbit platelets addition of a P-adrenoceptor an-

)0 tagonist (10 fLM (-)-propranolol) enhances the pre-
existing pro-aggregatory response to adrenaline
(Figure la) whereas in rat platelets such an addition

*U * - - - reveals this pro-aggregatory response (Figure lb). In
this system however, guinea-pig platelets fail to show

X X I | W a pro-aggregatory response to adrenaline even in the
presence of P-adrenoceptor blockade (Figure lc) and

.-- no such response can be induced by addition of
selective x-adrenoceptor agonists, e.g. UK 14304 or

_* methoxamine (data not shown).
* *Conversely addition of an a-adrenoceptor an-

a ° °0-0 .0_ tagonist (10 fiM phentolamine) reveals an inhibitory
i response to adrenaline in the case of both rabbit and

E---O-------- rat platelets (Figure la, b), but guinea-pig platelets
fail to show such a response under these conditions

a | (Figure lc). Furthermore the aggregatory response
of guinea-pig platelets to ADP-a-S cannot be inhi-
bited by addition of a selective P-adrenoceptor agon-
ist, e.g. (-)-isoprenaline.
While the EC50 for adrenaline acting as an inhibit-

ory (P-adrenoceptor) agonist is in the same range for
T both rabbit (EC50= 0.1 +0.03 AM) and rat

9 8 7 6 5 4 (EC5o= 0.46 ± 0.14 gM) platelets (Table 1, Figure 1),
-loglo [Adrenaline] this is not the case for its action as an excitatory

agonist. Thus the EC50 for the pro-aggregatory re-
re 1 Effect of adrenaline on the aggregatory re- sponse to adrenaline is 3.30 ±0.27 fM for rat

se of rabbit (a), rat (b) or guinea-pig (c) platelets to
P-a-S. Platelet-rich plasma was prepared and platelets but 0.06 ± 0.009 JIM for rabbit platelets
-let aggregation monitored and quantitated as de- (Table 2, Figure 1).
ed in Methods. The results shown are from a single
riment but are typical of those from three similar Definition ofthe sub-type ofthe ratplateletoa-
riments. The adrenoceptor antagonists when pres- adrenoceptorand the rabbitplatelet,8-adrenoceptor by
were added 15 s before adrenaline (or isoprenaline analysis ofthe aggregatory response

followed 15 s later by 2 JiM ADP-a-S. The points
esented as (0) show results obtained with ad- Studies defining the sub-type of the rat platelet a-

Lline and ADP-a-S; those represented as (U), results adrenoceptor and the rabbit platelet B-adrenoceptor
ined with phentolamine (10 tLM), adrenaline and have not been reported previously. Addition of UK-

P-a-S; those represented as (0), results obtained
14304 causes a pro-aggregatory response of rat(-)-propranolol (10 JIM), adrenaline and ADP-a- 14304 the a p g atocepor ockat

nd those represented as (O), results obtained with platelets in the absence of 3-adrenoceptor blockade.

-isoprenaline and ADP-a-S. This response was observed over a concentration
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Table 1 Properties of the inhibitory response of rabbit platelets induced by P-adrenoceptor agonists and the effect
of P-adrenoceptor antagonists on this response

Agonist (Antagonist)

A (-)-Adrenaline
(-)-Isoprenaline
(+)-Isoprenaline

B (-)-Propranolol
(+ )-Propranolol
Butoxamine
ICI- 1 18,55 1
Atenolol

EC50
(I'M)

0.11+0.03 (3)
0.13 ± 0.02 (5)

60.0 (2)

Relative maximal
extent of inhibition

1.0
1.9± 0.1

1.7

Platelet-rich plasma was prepared and platelet aggregation monitored and quantitated as described in Methods. The
studies in A and B were performed in the presence of 10 Mm phentolamine. In A the P-adrenoceptor agonist was

added 15 s before 4 Mm ADP-a-S which was used to induce the response: in B the 3-adrenoceptor antagonist was

added 15s before 10MM isoprenaline and followed 15s later by 4 HM ADP-a-S. The values given are

means ± s.e.mean (where indicated) with the number of experiments in parentheses.

range and to a maximal extent similar to that which
characterizes the response to adrenaline in the pres-
ence of propranolol. In contrast, addition of methox-

amine has no such effect. Furthermore the pro-

aggregatory response of rat platelets to adrenaline
which is revealed on addition of a 13-adrenoceptor
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Figure 2 Equilibrium binding of [3HI-yohimbine to intact human (0), rabbit(O), rat (U), and guinea-pig (E)
platelets (a); and Scatchard plots of the data for human (b) rabbit (c) and rat (d) platelets. Washed platelets were
prepared and [3H]-yohimbine binding studies performed in the presence and absence of 10 Mm phentolamine as

described in Methods. In (a) the results which are from two (human, rabbit, guinea-pig) or 3 (rat) experiments with
determinations performed in triplicate are plotted as means with the bars showing the s.e.mean. For the determina-
tions using rat and guinea-pig platelets the studies were performed using more concentrated cell suspensions with cell
counts in the range 8-9 x 108 platelets ml-'. In (b-d) the mean values are plotted and the line of best fit to the data
determined by linear regression analysis. The correlation coefficients (r) obtained by such analysis were 0.816 (b),
0.820 (c) and 0.924 (d).

IC50
(AM)

0.3 ± 0.2
50.0
0.7
3.0
> 100

(3)
(1)
(2)
(2)
(2)
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Table 2 Properties of the proaggregatory response of rat platelets induced by cz-adrenoceptor agonists and the
effect of a-adrenoceptor antagonists on this response

Agonist (Antagonist)
EC50
(PJM)

A (-)-Adrenaline (in 3.3 + 0.27 (3)
the presence of 10
JM (-)-propranolol)
UK-14304 1.2 ± 0.5 (4)
Methoxamine > 10 (2)

B RX-781094
Indoramin
Prazosin

Relative maximal
extent of enhancement

1.0

1.0

Platelet-rich plasma was prepared and platelet aggregation monitored and quantitated as described in Methods. The
studies in B, and in A where specified, were performed in the presence of 10 AM propranolol. In A the
a-adrenoceptor agonist was added 15 s before 4 JIM ADP-a-S which was used to induce the response. No response
was observed to UK-14304 in the absence of ADP-a-S. In B the oc-adrenoceptor antagonists were added 15 s before
10 JIM adrenaline and followed 15 s later by 3 AM ADP-a-S. The values given are means ± s.e.mean (where indicated)
with the number of experiments in parentheses.

antagonist is completely inhibited by RX-78 1094 but
is insensitive to inhibition by prazosin or indoramin
(Table 2).
The rabbit platelet 3-adrenoceptor displays the

expected stereospecificity since the (-)-isomers of
isoprenaline and propranolol are two orders of mag-
nitude more effective as agonist and antagonist re-

spectively than the (+)-isomers based on comparison
of EC50 values (Table 1). Furthermore 02-

adrenoceptor antagonists (butoxamine, ICI-118,
551) cause effective blockade of the inhibitory re-

sponse to isoprenaline, whereas 31-adrenoceptor an-

tagonists, e.g. atenolol are ineffective (Table 1).

Radioligand binding studies using [3H]-yohimbine

Saturable binding of [3H]-yohimbine, which is
specific for the oc-adrenoceptor as defined by the

Table 3 Parameters describing the binding of [3H]-yohimbine and (-)-[1251]-iodocyanopindolol to rabbit, rat and
human platelets

Parameter Source of Platelets
Human Rat Rabbit

A pH]-yohimbine
Kd (binding isotherm)

(nM)
Kd (kinetic analysis)

(nM)
Bmax (receptors/
platelet)

3 (1.5-4.5)

258 (245-271)

15 (14-16)

7 (4-10)

42 (40-44)

19 (17-21)

23 (10-36)

270 (256-284)

B (-)-[1251]-iodocyanopindolol
Kd (binding isotherm) 0.17 (0.16-0.18)

(nM)

Kd (kinetic analysis)
(nM)

Bmax (receptors/
platelet)

0.06 (0.045-0.075)

66 (62- 70)

0.10 (0.09-0.1 1)

0.066 (0.062-0.070)

41 (36-46)

0.037 (0.035-0.039)

0.005 (0.002-0.008)

14 (13-15)

The studies were performed and the data analysed as described for Figures 2,4, and 5. The results shown are from at
least two experiments using triplicate determinations and are given as the means derived from linear regression
analyses of the data together with the 95% confidence limits in parentheses.

IC50
(PJM)

0.2 (2)
> 10 (2)
> 10 (2)
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extent of inhibition of binding by 10 liM phen-
tolamine, is observed for intact rabbit and rat
platelets as well as for human platelets (Figure 2a).
The latter were included in this study as a control to
permit comparison with other analyses employing
this radioligand. The extent of such specific binding
expressed as a per cent of total binding is given in
'Methods'. No such specific binding of [3H]-
yohimbine to intact guinea-pig platelets could be
demonstrated (Figure 2a). Although the dissociation
constants for receptor-specific binding of this
radioligand to human, rabbit and rat platelets are all
in the same (nM) range, the maximal extent of
specific binding is clearly much greater for human
and rabbit platelets than for rat platelets (Figure 2a).
These conclusions are substantiated by Scatchard
plot analysis of the data (Figure 2, b-d) to give Kd and
B,,, (receptor density) values which are summarized
in Table 3. The density of a-adrenoceptor on human
and rabbit platelets as assessed using [3H]-yohimbine
is similar and is approximately 6 fold greater than the
density of these receptors on rat platelets. Studies
using selective a-adrenoceptor antagonists confirm
that the [3H]-yohimbine binding sites on rabbit

100- t

0 ~ ~~~~'1

C~~~~~~~~\
**0 50 -

E

9 8 7 6 5

-logl0 [Antagonist]
Figure 3 Inhibition of binding of [3H]-yohimbine to
intact rabbit platelets by ax-adrenoceptor antagonists.
Washed rabbit platelets were prepared and radioligand
binding studies performed at 22'C in the presence of
15 jLm [3H]-yohimbine and the concentrations of the
a-adrenoceptor antagonists as indicated. Data are
shown for inhibition by RX-781094 (0), phentolamine
(0) and prazosin (U). The results are from at least two
experiments using triplicate determinations and are
shown as means with the bars indicating the s.emean.

Table 4 Properties of inhibition of binding of
[3H]-yohimbine to rat and rabbit platelets by a-
adrenoceptor antagonists

Mean KI (PM)
Antagonist Rabbit platelets Rat platelets

RX-781094
Phentolamine
Prazosin

0.28 (2)
0.42 (2)
4.50 (2)

0.032 (2)
0.013 (2)
2.00 (2)

Washed platelets were prepared and radioligand
binding studies performed as described in
Methods. The concentration of [3H]-yohimbine
used was 15 AM and the incubation time was 30 min
at 22°C. The KI values were obtained by analysis of
data similar to that for rabbit platelets as shown in
Figure 3. The values are the means of two experi-
ments in which the IC50 values differed by no more
than 5 fold.

platelets have properties characteristic of a2-
adrenoceptors. Thus as shown in Figure 3 for rabbit
platelets, RX-781094 is considerably more potent as
an inhibitor of [3H]-yohimbine binding than is prazo-
sin. Table 4 summarizes the KI values obtained in
such studies on both rat and rabbit platelets. For both
species the order of potency for inhibition of [3H]-
yohimbine binding is RX-780194 > phentol-
amine > prazosin as expected for an a2-
adrenoceptor, although it is notable that the discrimi-
nation is more marked for rat than for rabbit
platelets.
We have also examined the time course for associ-

ation of [3H]-yohimbine with rat and rabbit platelets,
and for dissociation of this radioligand following
addition of 10 tLM phentolamine. In each case binding
follows a monophasic relationship and equilibrium is
reached within 10 min (Figure 4a). Analysis of these
time courses as described by Williams & Lefkovitz
(1978) gives the results for rat platelets shown in
Figure 4b. From these plots k0b is obtained as
1.7 x 10-3 s -1 (1.5-1.9 x 10-3 s-1) and k-1 as
5.5 X 10-4 S-1 (5 -6 x 10-4 s-1). From these rate
constants we obtained the values for Kd (kinetic
analysis) which are given in Table 3. These values are
in reasonable agreement with the values for Kd de-
rived by analysis of the saturation curves.

Radioligand binding studies using (-)_[1251]_
iodocyanopindolol

Saturable binding of (-)-[1251]-iodocyanopindolol,
which was specific for the P-adrenoceptor as defined
by the extent of inhibition of binding by 1 jiM (-)-
propranolol, was observed for intact rabbit, rat and
human platelets. The extent of such specific binding
expressed as a per cent of total binding is given in
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Figure 4 Kinetics of [3H]-yohimbine binding to intact rabbit (0) and rat (U) platelets. Washed platelets were

prepared as described in Methods, [3H]-yohimbine added to a final concentration of 15 nM, and the suspension
incubated at 25°C. Aliquots (0.2 ml) were withdrawn at the times indicated and the extent of binding assessed as

described in Methods. At the time indicated by the arrow, 10 lM phentolamine was added to induce dissociation of
bound [3H]-yohimbine. A parallel incubation was performed in which 10 liM phentolamine was present throughout.
The results in (a) are mean values from at least two experiments using triplicate determinations with the bars showing
the s.e.mean and are given as total 3H bound. In panel (b) the data for rat platelets are presented as described by
Williams & Lefkowitz (1978) to permit calculation of kob and k-1 and in the case of the association of
['H]-yohimbine (upper section) refer to specific binding. The lines shown are drawn on the basis of linear regression
analysis of the data and have correlation coefficients (r) of 0.986 (upper line) and 0.738 (lower line).

Methods. No such specific binding of (_)_[125I]1
iodocyanopindolol to intact guinea-pig platelets
could be demonstrated over a range of (-)-
iodocyanopindolol which shows such binding in the
other species (Figure 5a). Analyses of the data from
Figure 5a according to Scatchard (1949) gives the
results illustrated in panels b-d of Figure 5 and per-
mits calculation of the Kd and B,, (receptor density)
values given in Table 3. Human and rat platelets
show similar affinities and receptor densities for (-)-
[125I]-iodocyanopindolol, whereas for rabbit
platelets the affinity is higher and the receptor densi-
ty is lower.

Studies on the inhibition of the binding of
iodocyanopindolol by both agonists and antagonists
confirm that the binding has the properties expected
for a receptor with characteristics typical of a 2-
adrenoceptor. Thus as shown in Figure 6 for human
platelets, (-)-propranolol is markedly more potent
as an inhibitor than (+)-propranolol and in addition
(-)-isoprenaline also causes inhibition, albeit at
higher concentrations. Furthermore from the KI val-
ues obtained by analysis of the inhibition curves (see

legend to Figure 6) the order of potency of inhibition
is obtained as ICI-118,551 >(-)-propranolol>
(-)-practolol. Results similar to those shown in Fig-
ure 6 have also been obtained for rabbit and rat
platelets (data not shown).
To provide further evidence that the sites iden-

tified by (-)-['25I]-iodocyanopindolol have the
properties expected for a receptor, we have studied
the effect of variation of incubation temperature on

the rate of association of (-)-[1251]-cyanopindolol
with human platelets, as well as determining the rate
of dissociation of this radioligand induced by addition
of 1 l1M (-)-propranolol at a single temperature. The
results demonstrate a marked increase in the rate of
association as the temperature increased (Figure 7)
with kIb increasing from 8 x 10-5 (7-9 x 10-5) S-1
at 4°C to 1.7 x 10-3 (1.6- 1.8 x 10-3) s-1 at 37°C.
Even so, equilibrium is reached only after 30min
even at 37°C.
From the values of kIb and k_ 1 (which was obtained

from the rate of dissociation at 37°C) we calculated a

value for Kd which as shown in Table 3 is in reasona-

ble agreement with that obtained from analysis of the
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Figure 5 Equilibrium binding of (-)-_[25I]-iodocyanopindolol to intact human (0), rabbit (0), rat (U), and
guinea-pig (O) platelets (a); and Scatchard plots of the data for human (b), rabbit (c) and rat (d) platelets. Washed
platelets were prepared and (-)-[125I-iodocyanopindolol binding studies performed as described in Methods. In (a)
the results, which are from two (human, rat, guinea-pig) or 3 (rabbit) experiments with determinations performed in
triplicate, are plotted as means with the bars showing the s.e.mean. For the determinations using rabbit and
guinea-pig platelets the studies were performed using more concentrated cell suspensions with cell counts in the
range 8-9 x 108 platelets ml1. In (b-d) the mean values are plotted and the line of best fit determined by linear
regression analysis. The correlation coefficients (r) obtained by such analysis were 0.666 (b), 0.926 (c) and 0.617 (d).
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o \ \& iodocyanopindolol to intact human platelets by p-
co 50- ' \adrenoceptor agonists and antagonists. Washed human
o platelets were prepared and radioligand binding studies0

-0 z \ ll :performed at 37°C in the presence of 0.1 nm (_)-[1251]-
iodocyanopindolol and the ,-adrenoceptor agonists and
antagonists at the concentrations indicated. Data are
shown for inhibition by (-)-propranolol (0), (+)-
propranolol (A), ICI-118,551 (0), (-)-practolol (0)
and (-)-isoprenaline (U). The results shown are from at
least two experiments using triplicate determinations

0- \.+.. ~and are shown as means with the bars indicating the
s.e.mean. The mean KI values calculated from these

9 8 7 6 5 data are ICI-118,551 (0.07 jAM), (-)-propranolol
9 8 7 6 5 (0.13 1AM), (+)-propranolol (2.5 1AM), (-)-practolol
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Figure 7 Kinetics of binding of (-)-[1251]-iodocyanopindolol to intact human platelets measured at different
temperatures. Washed human platelets were prepared as described in Methods, (-)-[125j]-iodocyanopindolol added
to a final concentration of 0.1 nm and the suspension incubated at 4°C (-), 22°C (0), or 37°C (0). Aliquots (0.2 ml)
were withdrawn at the times indicated and the extent of binding assessed as described in Methods. In the sample
incubated at 37°C 1 lIM (-)-propranolol was added at the time indicated by the arrow to induce dissociation of bound
(-)-[125I]-iodocyanopindolol. Parallel incubations were performed at all temperatures in which 1 )LM(-)-
propranolol was present throughout. The results in (a) are mean values from at least two experiments using triplicate
determinations with the bars showing the s.e.mean and are given as total 1251 bound. In panel (b) the data are
presented as described by Williams & Lefkowitz (1978) to permit calculation of kob and k_ 1 (for 37°C data only). In
the case of the rates of association (k0b) panel (b) is based on specific binding. The lines shown are drawn on the basis
of linear regression analyses of the data and have correlation coefficients (r) of 0.976 (-), 0.903 (0) and 0.938 (-)
(upper section); and 0.959 (0) (lower section).

binding isotherm. Similar studies have been per-
formed at 37°C for rat and rabbit platelets and anal-
ysed to give Kd values as shown in Table 3. For rat
platelets there is good agreement between the Kd
values obtained from kinetic and binding isotherm
analysis, but a wider divergence between these values
is observed for rabbit platelets.

Discussion

The aggregation and radioligand binding studies de-
scribed here complement and extend previous
studies in which we and others have defined the
adrenoceptor sub-types present on human (Grant &
Scrutton, 1979; Hsu, Knapp & Halushka, 1979;
Hoffman et al., 1979; Kerry & Scrutton, 1983a),
rabbit (Grant & Scrutton, 1980) and rat (Kerry &
Scrutton, 1983a) platelets. It seems clear that when
adrenoceptors are present on mammalian platelets
the P-adrenoceptor is likely to be of the P2-sub-type
and the a-adrenoceptor is likely to be predominantly,

if not exclusively, of the M2-sub-type (Grant & Scrut-
ton, 1979). However, within this overall classifica-
tion there appears to be wide differences in the
properties of the receptors in different species. This is
most strikingly seen for the rabbit platelet P-
adrenoceptor for which ICI-118,551 is much less
effective as an antagonist than are (-)-propranolol
or butoxamine (Table 1) in contrast to the relation-
ships between the IC50s for these antagonists ob-
served for the human and rat platelet P-
adrenoceptors. In addition, for the rabbit a-
adrenoceptor the difference between KI values for
phentolamine (or RX-781094) and prazosin as in-
hibitors of the binding of [3H]-yohimbine are much
less marked than is the case for either the rat (Table
4) or human (Daiguji, Meltzer & U'Prichard, 1981;
Motulsky, Shattil & Insel, 1981) a-adrenoceptors.
The KI values reported here for phentolamine and
prazosin in the rat platelet system (Table 4) are
quantitatively very similar to those obtained for
human platelets by Motulsky, Shattil & Insel (1981).

Estimates of a-adrenoceptor density using [3H]-
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yohimbine have not previously been published for rat
platelets, although both Motulsky & Insel (1982) and
Glusa & Markwardt (1983) suggested that no M2-
adrenoceptors are present on these cells, based on
their failure to observe specific binding of this
radioligand, and also in the case of Glusa & Mark-
wardt (1983) based on failure to detect enhancement
by adrenaline of a sub-optimal response to ADP. The
discrepancy in respect to the radioligand binding data
probably arises since the receptor density is close to
the limit of detection using 3H-radioligands and the
studies have to be conducted in the face of a high level
of non-specific binding (see Methods). It should
however be noted that the results obtained for bind-
ing of [3H]-yohimbine to rat and guinea-pig platelets
are clearly different (Figure 2) and that for rat
platelets the 95% confidence limits for the estimate
of BmaLx (Table 3) indicate minimal divergence be-
tween the contributing data. Hence, given that a
pro-aggregatory response to adrenaline which is
mediated by a-adrenoceptors can clearly be demon-
strated for rat platelets both by us (Figure 1) and by
Yu & Latour, (1977) it seems reasonable to conclude
that the BmX,, values obtained by use of [3H]-
yohimbine as radioligand (Tables 3 and 4) provide an
acceptable estimate of the M2-adrenoceptor density
even though this determination pushes the available
technology to its usable limit. It would therefore be
desirable to confirm the estimate of M2-adrenoceptor
density on rat platelets by use of a radioligand having
a higher specific radioactivity.

For human platelets the value for M2-adrenoceptor
density reported here is similar to that obtained by
other workers (Motulsky etal., 1981; Glusa & Mark-
wardt, 1983) in studies which used intact platelets
and [3H]-yohimbine as radioligand, but is approxi-
mately 3 fold greater than the density estimated using
this radioligand and platelet lysates (Daiguji et al.,
1981). However, the Kd for [3H]-yohimbine is similar
in all these studies. For rabbit platelets our data give a
higher M2-adrenoceptor density and a less favourable
Kd than those reported by Glusa & Markwardt
(1983).

Platelet 1-adrenoceptor densities have not previ-
ously been estimated using (-)-[1251]-cyanopindolol
as radioligand. However, for human platelets Steer &
Atlas (1982) have reported that ['251]-iodo-
hydroxybenzylpindolol, a related 3-adrenoceptor
radioligand, binds to 24 ± 4 sites per platelet with a
mean Kd of 58 giM, thus giving a P-adrenoceptor
density that is approximately one third of that esti-
mated here (Table 3). The data of Steer & Atlas
(1982) appear less likely to be reliable than those
given here since specific binding of [125I]-
iodohydroxybenzylpindolol constituted only 20-30
per cent of total binding in contrast to the value of
80 ± 7 per cent seen in our studies using (-)_[125I]_

iodocyanopindolol. Similar studies have not previ-
ously been reported for rat or rabbit platelets using
(-)-[1251]-iodocyanopindolol or any other P-
adrenoceptor radioligand, but in these studies give
adequate estimates of 132-adrenoceptor densities in
each case. The value for rabbit platelets is again close
to the limit of detection but is supported by the
minimal divergence between contributing data as
expressed in the 95% confidence limits for Bmax
(Table 3), and by the failure to detect any such
receptors on guinea-pig platelets (Figure 5). It is also
notable that the Kd values obtained for binding of
(-)-[1251]-iodocyanopindolol to human and rabbit
platelets are close to an order of magnitude higher
than those obtained in studies of binding of this
radioligand to membrane fractions from other tissues
(cf. Engel, 1981). It is possible that this discrepancy
reflects the use of intact cells in this study with the
associated problems of cellular uptake of
radioligand. However, the observation that (-)-
[125I]-iodocyanopindolol can be displaced from
human platelets by subsequent addition of (-)-
propranolol (Figure 7) and that stereospecific inhibi-
tion of the binding of this radioligand can be observed
(Figure 6) argue against this possibility. The use of
(-)-[125I]-iodocyanopindolol therefore allows esti-
mates to be made of P-adrenoceptor density on a cell
for which previous attempts (Kerry & Scrutton,
1983c) using the classic 3-adrenoceptor radioligand,
[3H]-dihydroalprenolol (Williams & Lefkowitz,
1978) had failed to reveal any detectable receptor-
mediated binding. The high specific radioactivity of
(-)-[1251]-iodocyanopindolol and its high affinity for
the P-adrenoceptor (Table 3) permit the use of ligand
concentrations at which little interference from lipid
solubility occurs in contrast to the situation with
[3H]-dihydroalprenolol in this system (Kerry &
Scrutton, 1983c). It is however notable that the rate
of association of (-)-[1251]-iodocyanopindolol (Fig-
ure 7) is much slower than might be expected on the
basis of the rapidity with which P-adrenoceptor an-
tagonists, e.g. propranolol, pindolol, block the in-
hibitory response to isoprenaline (see Methods).
Such a discrepancy in time courses for binding of
radioligand and for initiation of the physiological
effect is frequently observed in studies of this type (cf.
Williams & Lefkowitz, 1978) but has not been satis-
factorily explained.
The differences in a- and P-adrenoceptor density

seen for the platelets from the four species examined
in this study provide at least a partial explanation for
the differences which are observed in the responses
of these platelets to adrenaline. Two factors appear
to be of importance: the absolute density of M2-
adrenoceptors and the ratio of the a2:P2-
adrenoceptor densities which varies from 19 in rabbit
platelets to 3 in human platelets and approximately 1
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in rat platelets (Table 3). Platelets which show a
pro-aggregatory response to adrenaline in the ab-
sence of a 0-adrenoceptor antagonist, e.g. those from
humans and rabbits, exhibit high absolute a2-
adrenoceptor densities and an a2:32-adrenoceptor
density ratio in excess of 1. In contrast, platelets that
fail to respond to adrenaline may either contain finite
but approximately equal numbers of a2- and 2-
adrenoceptors (a2:C2-adrenoceptor density ratio of
approximately 1), e.g. rat, or may be devoid of ad-
renoceptors, e.g. guinea-pig. These latter two situa-
tions can be distinguished in aggregation studies since
as shown in Figure 1, a pro-aggregatory or an inhibit-
ory response to adrenaline can be elicited for rat but
not for guinea-pig platelets by addition of a -

adrenoceptor and an a-adrenoceptor antagonist re-
spectively. The radioligand binding data (Figure 2
and 4) demonstrate clearly that the failure of guinea-
pig platelets to respond to adrenaline even under
these conditions is due to the absence of detectable
numbers of both a- and P-adrenoceptors on these
cells. Our studies therefore confirm and extend the
postulate of Yu & Latour (1977) that the nature of
the response of platelets to adrenaline is determined
by the relative efficiency with which this
catecholamine acts as an a- and a f-adrenoceptor
agonist for these cells, and demonstrate the molecu-
lar basis for this postulate. In addition, the results
obtained for the aggregatory responses are more
reliable than those described previously by Yu &
Latour (1977) since they were obtained over a wide
range of adrenaline concentrations and in the pres-
ence of a second excitatory agonist (ADP-a-S) which

does not inhibit adenylate cyclase (Cusack &
Hourani, 1981) and which therefore is unlikely to
interfere with the adrenergic responses. However the
concept proposed here offers no explanation for the
difference in behaviour of human and rabbit platelets
on exposure to adrenaline in the absence of a second
excitatory agonist, since no manipulations performed
in these studies have led to demonstration of an
aggregatory response of rabbit platelets to adrenaline
in the absence of a second excitatory agonist. Hence
the presence of such a direct aggregatory response to
adrenaline is more likely to be related to the ability of
this agonist to activate its stimulus-response coupling
mechanism than to the CX2:f2-adrenoceptor balance.
Our studies also provide no insight into the reasons

why platelets from these four mammalian species
should differ so widely in the nature of their re-
sponses, or lack of response, to adrenaline, although
for rat platelets the situation could be envisaged as a
mechanism by which a cell which possesses a2-
adrenoceptors might respond selectively to norad-
renaline in the presence of adrenaline. However, the
findings have practical importance since rabbits, rats
and guinea-pigs are all used in small animal models of
thrombosis. If such models are employed to investi-
gate the effects of drugs acting at adrenoceptors, the
species differences described here will need to be
borne in mind especially if the results obtained are to
be relevant to human thrombotic disease.
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